Abstract Graphene quantum dots (GQDs) as a new series of nanomaterials have drawn great attention in recent years owning to their unique properties. Here we report the single-step synthesis of GQDs using pyrolysis of citric acid which produced GQDs at different pH. The effect of different pH was studied in detail to optimize the conditions of the formation of GQDs. UV-Visible absorption and normalized fluorescence spectra were applied to analyze the optical properties of GQDs. The particle size distribution of the GQDs in case of varying pH was determined to optimize the synthesis conditions. The surface morphology and microstructures were studied by atomic force microscope (AFM).
Introduction
Emerging graphene quantum dots (GQDs) have received enormous attention because of nanometer-scaled graphene particles with sp 2 -sp 2 carbon bonds. Graphene being oneatom-thick layer of extended sp 2 carbons represents the limit of the thinnest possible 2D conductive surface [1, 2] , for which they exhibit very fast electron mobility and high charge carrier density [3] . Due to having remarkable properties derived from 2D confinement at the nanoscale caused by the effect of the edges, graphene quantum dots (GQDs) exhibit new properties such as emission and their behavior as spin qubit with collective spin states [4, 5] . Like zero-dimensional carbon-based material, GQDs were planar nanomaterials with lateral dimension ranging from 2 to 20 nm, showing intrinsic luminescence as a result of quantum confinement, surface defects and edge structure. Recent reviews have summarized the unique properties of GQDs [6] [7] [8] [9] [10] [11] [12] [13] . Again, most applications of GQDs have been focused on the photoluminescence (PL)-related fields. Recently, additional excellent properties of GQDs such as high transparency and high surface area have been proposed for energy and display applications [14, 15] .
Electrodes of GQDs are applied for capacitors [16] , batteries [17, 18] , where the conductivity of GQDs is higher than that of graphene oxide (GO) [19] , because of the large surface area of GQDs. GQDs form persistent dispersions in different solvents and may have large biomedical application due to the possibility to cross cellular membranes [20] . In addition, GQDs have attracted considerable attention as emerging fluorescent dots for bioimaging, sensing [21] , pollutant removal [22] and even in photovoltaic devices [15] . GQDs also hold promise in catalysis due to their large surface area and accessibility of the active sites [23] .
There are many synthetic methods to prepare GQDs [24] [25] [26] , but most of these methods need several steps and post-treatment with surface passivating agents to improve their water solubility and luminescence property. Recently, blue luminescent graphene quantum dots and graphene oxide were reported by tuning the carbonization degree of citric acid. However, during the enlarged syntheses, reproducibility is critically important for the potential technological applications of GQDs. In continuation of our research work [27] [28] [29] , in this work we have reported that the pyrolysis of citric acid was carried out which on further addition of sodium hydroxide for maintaining the pH produced GQDs. The effect of different pH on the formation of GQDs was studied in detail.
Experimental Materials and methods
Citric acid and sodium hydroxide were purchased from E Merck. Double distilled water was used throughout the experiment. The absorption spectra of GQDs obtained in each case was characterized by UV-Vis spectrophotometer (Shimadzu 1800). The steady-state photoluminescence spectra were measured using florescence spectrophotometer (Perkin Elmer LS 55). The particle size distribution analysis was carried out using dynamic light scattering (DLS: Nanotrac wave W3222). FT-IR spectra were recorded with KBr pellets with a Perkin Elmer Spectrum 100 FT-IR spectrometer. The nano-morphology of GQDs was studied by atomic force microscopy (AFM, multimode V8).
Pyrolysis of citric acid to prepare graphene quantum dots (GQDs)
Five grams of citric acid was heated and melted, which then converted into dark orange color within 25-30 min. 1.5 M solution of NaOH was added dropwise in the melted dense solution of citric acid at room temperature, to prepare the solutions of different pH ranging from 8 to 12. The effect of different pH on the yield and size of the graphene quantum dots (GQDs) was studied in detail. The mechanism of formation of GQDs from the citric acid has been shown in the Scheme 1. 
Results and discussion
Citric acid when heated at its melting temperature decomposes and the hydronium ion formed from the acid acts as a catalyst in subsequent decomposition reaction stages. The polymerisation and condensation of the products certainly gave rise to soluble polymers. Aromatization and formation of aromatic clusters take place via aldol condensation and cycloaddition. When concentration of aromatic clusters reaches a critical supersaturation point, a burst nucleation takes place and GQDs are formed. GQDs typically showed optical absorption in the UV region with a tail extending to the visible range (Fig. 1) . It may be attributed to some absorption shoulders for the p-p* transition of the C=C bonds, n-p* transition of C=O bonds and/ or others. The UV-Vis spectra clearly indicated that on increasing the pH, the absorption peaks becomes broader which suggested the increase of distribution of particle size along with the pH. At pH 9, the absorption peak was found to be more intense and after this pH, the intensity of the peaks decreases up to 12.
One of the most fascinating features of GQDs, both from fundamental and application-oriented perspectives, is their fluorescence. The requirement for surface passivation is only partially understood, but appears to be linked to the synthetic method. However, more and more cases have emerged with k ex independent emission position, which may be attributed to their uniform size and surface chemistry. Our experimental results showed that the intensity of the fluorescence decreases with the increase of pH (Fig. 2) .
Interestingly, in case of fluorescence also, the intensity of the peak was found to be more at pH 9 as compared to other pH.
The particle size distribution of the GQDs was carried out at 25°C using dynamic light scattering (DLS). Figure 3 shows the particle size distribution of the solutions formed by varying the pH of the solution at room temperature. It was found that at pH 8, the average particles size was found to be around 1 nm, and the yield was found to be 85%. In case of pH 9, 95% of the GQDs were found to be around 1.5 nm in size. On further increasing the pH up to 10 of the solution, the yield of the nanoparticles decreased up to 90%, retaining the average particle size of 1 nm only. At pH 12, the yields of GQDs decreased dramatically to 65%. The average particle size was found to be around 70 nm. It may be attributed to the fact that in case of lower pH, the presence of hydroxyl groups hindered the aggregation of the carbon nanoparticles. But, on increasing the pH, the increasing number of hydroxyl groups get adhered to the nanoparticles and hence resulted in the increase of the size of the nanoparticles. Thus, the pH of the solution of citric acid played an important role in the synthesis of GQDs with size below 5 nm. The FT-IR spectra of GQDs showed the broadening of several peaks related to oxygen functional groups, viz. at 3400 cm -1 (O-H stretching vibration), 1726 cm -1 (C=O stretching vibration), and 1621 cm -1 (aromatic C=C, skeletal ring vibrations from the graphitic domain). The intensity of these peaks which were very low in the spectra of GQDs confirmed that the ketone, hydroxyl and epoxide groups have been reduced to form GQDs (Fig. 4) .
AFM showed the topographic image of well-dispersed GQDs prepared at pH 9 (Fig. 5) . The AFM image confirmed the formation of spherical-shaped GQDs, where the particle sizes were below 2 nm at this pH.
Conclusions
In this paper, pyrolysis of citric acid was carried out which decomposes and the hydronium ion formed from the acid acts as a catalyst in subsequent decomposition reaction stages. Aromatization and formation of aromatic clusters take place via aldol condensation and cycloaddition which after further addition of sodium hydroxide produced GQDs at different pH. At pH 9, the UV-Vis absorption peak was found to be more intense and after this pH, the intensity of the peaks decreases up to 12. The intensity of the fluorescence was found to decrease with the increase of pH. The particle size distribution of the GQDs, carried out at 25°C showed that in case of pH 9, 95% of the GQDs was found to be around 1.5 nm in size. On further increasing the pH of the solution up to 10, the yield of the nanoparticles decreased up to 90%, retaining the average particle size of 1 nm only. At pH 12, the yields of GQDs decreased dramatically to 65%. The AFM image confirmed the formation of spherical-shaped GQDs, where the particle sizes were below 2 nm at this pH. Thus, the pH plays an important role for the formation of GQDs from citric acid.
